Dramatic changes in chromatin structure and histone modification occur during oocyte growth, as well as a global cessation of transcription. The role of histone modifications in these processes is poorly understood. We report the effect of conditionally deleting Hdac1 and Hdac2 on oocyte development. Deleting either gene has little or no effect on oocyte development, whereas deleting both genes results in follicle development arrest at the secondary follicle stage. This developmental arrest is accompanied by substantial perturbation of the transcriptome and a global reduction in transcription even though histone acetylation is markedly increased. There is no apparent change in histone repressive marks, but there is a pronounced decrease in histone H3K4 methylation, an activating mark. The decrease in H3K4 methylation is likely a result of increased expression of Kdm5b because RNAi-mediated targeting of Kdm5b in double-mutant oocytes results in an increase in H3K4 methylation. An increase in TRP53 acetylation also occurs in mutant oocytes and may contribute to the observed increased incidence of apoptosis. Taken together, these results suggest seminal roles of acetylation of histone and nonhistone proteins in oocyte development. O ogenesis is a protracted process that encompasses meiosis and oocyte growth, and results in the only cell that, following fertilization, can develop into an organism (1). In mice, at approximately day 13.5 of gestation, oogonia undergo a final round of DNA replication and enter the first meiotic prophase, at which point they are called oocytes. By the time of birth, oocytes are arrested in diplotene of the first meiotic prophase, are approximately 15 to 20 μm in diameter, and reside in primordial follicles in which the oocyte is surrounded by a single layer of flattened follicle cells. Oocyte growth is coordinated with follicle cell proliferation; the diameter of full-grown oocytes is approximately 80 μm. During the growth phase, oocytes acquire the ability to resume meiosis (i.e., acquisition of meiotic competence) and support development to term (i.e., acquisition of developmental competence). In vivo, release of gonadotropins triggers resumption of meiosis of full-grown oocytes present in preovulatory follicles with oocytes maturing to and arresting at metaphase II; fertilization triggers resumption and completion of meiosis (2).
Dramatic changes in chromatin structure and histone modification occur during oocyte growth, as well as a global cessation of transcription. The role of histone modifications in these processes is poorly understood. We report the effect of conditionally deleting Hdac1 and Hdac2 on oocyte development. Deleting either gene has little or no effect on oocyte development, whereas deleting both genes results in follicle development arrest at the secondary follicle stage. This developmental arrest is accompanied by substantial perturbation of the transcriptome and a global reduction in transcription even though histone acetylation is markedly increased. There is no apparent change in histone repressive marks, but there is a pronounced decrease in histone H3K4 methylation, an activating mark. The decrease in H3K4 methylation is likely a result of increased expression of Kdm5b because RNAi-mediated targeting of Kdm5b in double-mutant oocytes results in an increase in H3K4 methylation. An increase in TRP53 acetylation also occurs in mutant oocytes and may contribute to the observed increased incidence of apoptosis. Taken together, these results suggest seminal roles of acetylation of histone and nonhistone proteins in oocyte development.
O ogenesis is a protracted process that encompasses meiosis and oocyte growth, and results in the only cell that, following fertilization, can develop into an organism (1) . In mice, at approximately day 13.5 of gestation, oogonia undergo a final round of DNA replication and enter the first meiotic prophase, at which point they are called oocytes. By the time of birth, oocytes are arrested in diplotene of the first meiotic prophase, are approximately 15 to 20 μm in diameter, and reside in primordial follicles in which the oocyte is surrounded by a single layer of flattened follicle cells. Oocyte growth is coordinated with follicle cell proliferation; the diameter of full-grown oocytes is approximately 80 μm. During the growth phase, oocytes acquire the ability to resume meiosis (i.e., acquisition of meiotic competence) and support development to term (i.e., acquisition of developmental competence). In vivo, release of gonadotropins triggers resumption of meiosis of full-grown oocytes present in preovulatory follicles with oocytes maturing to and arresting at metaphase II; fertilization triggers resumption and completion of meiosis (2) .
Oocyte growth is accompanied by dramatic changes in gene expression, but starting at approximately midgrowth phase, transcription decreases such that full-grown oocytes are essentially transcriptionally inactive (3) , and transcriptional quiescence appears critical for acquisition of developmental competence (4) . Transcriptional quiescence is associated with chromatin condensation as well as changes in histone posttranslational modifications (PTMs) (5) ; histone PTMs such as phosphorylation, methylation, ubiquitination, and acetylation are intimately linked to transcriptional regulation and required for many biological processes (6, 7) , with histone acetylation typically associated with transcriptionally permissive chromatin (8) . The role of histone PTMs that occur during oocyte development is poorly understood.
Histone acetylation is controlled by two opposing enzymes: histone acetyltransferases and histone deacetylases (HDACs). HDACs catalyze deacetylation of histones and many other nonhistone proteins such as tubulin (9) and transcription factors, e.g., TRP53 (P53) (10), E2F1 (11) , and CREB (12) . In mammals, 18 HDACs have been identified to date, and are grouped into four classes according to their homology (13) . Class I HDACs (HDAC1, 2, 3, and 8) show homology to the yeast protein RPD3, are usually detected in the nucleus, and show ubiquitous expression in various mammalian cell lines and tissues. Class II HDACs (4-7, 9, 10) have a high degree of homology to Hda1 protein and can shuttle between the nucleus and the cytoplasm. Class III HDACs are homologous to the yeast Sir2 HDAC, and HDAC11 is the sole member of the class IV HDACs (14) . HDACs are implicated in development of cancer, regulation of cell proliferation, apoptosis, and cell cycle (15, 16) .
Among class I HDACs, HDAC1 and HDAC2 share 83% amino acid homology and are found together in almost all repressive transcriptional complexes (17) , which suggests a high degree functional redundancy should exist between the two proteins. Consistent with this proposal is that deleting either HDAC1 or HDAC2 in cardiomyocytes (18) , neuron precursors (19) , B cells (20) , and embryonic epidermis (21) does not evoke an obvious phenotype. HDAC1 and HDAC2, however, may have distinct functions. For example, germ-line deletion of HDAC1 causes mouse embryo lethality before embryonic day 10.5 even though HDAC2 is up-regulated (22) , and HDAC2 specifically regulates synaptic plasticity and memory formation, a function that is not compensated by overexpressing HDAC1 (23) . A unique role of HDAC1 is also observed in embryonic stem cells (24) . In addition, we have shown that HDAC1 is the major HDAC that is critical for preimplantation development in mouse (25) . Essentially nothing is known about the role(s) of HDAC1 and HDAC2 in oocyte development.
We report here that deleting both Hdac1 and Hdac2, but not individually, in mouse oocytes results in arrest of oocyte development at the midgrowth stage before competence to undergo germinal vesicle (GV) breakdown (GVBD) was acquired, a stage of oocyte development normally found in secondary follicles. This developmental arrest is accompanied by a precocious decrease in global transcription that occurs in setting of a marked increase in histone acetylation and is likely a result of increased expression of lysine demethylase 5B (KDM5B) that in turn results in a decrease in histone H3K4 methylation, a transcription activation mark. In addition, acetylation of TRP53 is elevated in mutant oocytes and may contribute to the observed increased incidence of apoptosis observed in mutant oocytes.
Results
Conditional Targeting of Hdac1 and Hdac2 Results in Infertility, Decreased Ovary Size, and Defects in Oocyte Development. Both HDAC1 and HDAC2 are present in full-grown oocytes, but the temporal and spatial pattern of expression were not assessed (25) . Accordingly, we first established the temporal and spatial pattern of HDAC1 and HDAC2 expression during oocyte growth. Immunocytochemical analysis revealed that, as anticipated, HDAC1 and HDAC2 were concentrated in the nucleus throughout the growth phase (Fig. 1) . The intensity of HDAC1 nuclear staining displayed a progressive decrease during the course of oocyte growth and following GVBD colocalized with chromosomes. In contrast, nuclear HDAC2 staining increased between days 5 and 12 postpartum and then remained relatively constant for the duration of the growth phase. Following GVBD, HDAC2 was uniformly dispersed throughout the cytoplasm (Fig. 1) .
To establish the in vivo role(s) of HDAC1 and HDAC2 during oocyte growth, we generated conditional mutant oocytes using Zp3-Cre transgenic mice (26, 27) 
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−/+ mice, whose weights were all similar. Mature follicles were clearly visible in WT ovaries but absent in ovaries obtained from Hdac1:2 −/− mice (Fig. 2B) . Consistent with the absence of mature follicles was that only secondary follicles, and no full-grown oocytes, were obtained from ovaries of Hdac1:2 −/− mice (Fig. 2C) , a finding that clearly accounts for their infertility. Hdac1 −/+
/Hdac2
−/− mice were also infertile, and phenotypic characterization of these mice will be described elsewhere.
Deletion of both Hdac1 and Hdac2 in Oocytes Leads to Developmental
Arrest at Secondary Follicle Stage. Histological analysis of ovarian sections derived from ovaries of 18-d-old mice revealed that, compared with WT, virtually no small antral follicles were observed in Hdac1:2 −/− mice ( Fig. 3 A and B) . Moreover, the number of secondary follicles was significantly reduced in Hdac1:2 −/− mice. The increased number of primordial follicles observed in Hdac1:2 −/− mice suggested that initiation of follicular development was also affected. We do not have an explanation for this unexpected finding, but it could possibly reflect that it was easier to identify primordial follicles in ovaries of mutant mice.
Examination of ovarian sections indicated that follicular development arrested at the secondary follicle stage in Hdac1:2 −/− mice and the increased periodic acid/Schiff-positive staining (Fig.  3A) in the sections indicated oocyte degeneration. Ovary weight was similar in WT and mutants until day 12 postpartum, after which time the weight of ovaries obtained from Hdac1:2 −/− mice failed to increase (Fig. 3C ). Histological analysis of ovarian sections from 12-d-old WT and Hdac1:2 −/− mice revealed fewer oocytes present in secondary follicles (Fig. 3 D and E) . Consistent with this finding is that fewer oocytes were obtained from mutant ovaries [268 ± 12/ mouse (WT, 16 mice analyzed) vs. 165 ± 10/mouse (mutant, 20 mice analyzed); P < 0.001]. In addition, WT oocytes obtained from 12-dold mice were slightly larger than those obtained from Hdac1:2 −/− mice (54.3 ± 0.5 μm vs. 51.4 ± 0.7 μm, respectively; P < 0.03). Furthermore, the incidence of apoptosis was greater in Hdac1:2 −/− oocytes than WT oocytes by using a TUNEL assay [5.8 ± 1.8% (WT) vs. 15.8 ± 2.2% (mutant) in which 250 and 137 WT and mutant oocytes were analyzed, respectively; P < 0.05], a finding consistent with the increased number of degenerating oocytes present at day 18 in double-mutant oocytes (Fig. 3A) . There was no apparent increase in the incidence of apoptosis in oocytes when ovaries from Hdac1 Targeted disruption of Hdac1 resulted in a dramatic decrease in the amount of Hdac1 mRNA with no apparent effect on the amount of Hdac2 mRNA (Fig. 4A ). In contrast, targeted disruption of Hdac2 resulted not only in a decrease in the amount of Hdac2 mRNA but also a compensatory increase in the amount of Hdac1 mRNA. The amount of both transcripts was reduced in Hdac1:2 −/− oocytes. Whereas Hdac2 transcripts were essentially undetectable in Hdac2 −/− and Hdac1:2 −/− oocytes, detectable amounts of Hdac1 transcripts were present in Hdac1 −/− and Hdac1:2 −/− oocytes and may reflect inherent differences in their stability and/or efficiency in Cre-mediated excision.
Although the amount of Hdac1 mRNA was effectively reduced in Hdac1 −/− oocytes, a modest amount of HDAC1 protein (∼30%) was present in oocytes obtained from mice 12 d of age compared with WT, and there was no effect on the amount of HDAC2 protein (Fig. 4B) . The amount of HDAC1 protein present likely reflected the stability of HDAC1 protein present in primordial and primary oocytes and that the Zp3 promoter becomes active at 5 d postpartum, i.e., after initiation of oocyte growth with its highest activity at approximately days 10 to 12 postpartum (28, 29) . Targeting Hdac2 resulted in undetectable amounts of HDAC2 protein and an increase in the amount of HDAC1 protein (Fig. 4B) , which was consistent with the compensatory increase in the amount of Hdac1 transcript in these oocytes. The amount of HDAC1 and HDAC2 in Hdac1:2 −/− oocytes was also consistent with their amounts in their single respective knockouts. HDAC1 and HDAC2 nuclear staining were also reduced significantly as assessed by immunocytochemistry of Hdac1:2 −/− oocytes (see Fig. 8B ). We also determined the amount of HDAC3 and HDAC8, the other two Class I HDACs, in Hdac1:2 −/− oocytes (Fig. 4C ). Although the amount of HDAC3 protein was not changed in Hdac1:2 −/− oocytes, the amount of HDAC8 protein was reduced by approximately 50%. It was unlikely that this change accounted for infertility in Hdac1:2 −/− mice because Hdac8 −/+ females are fertile (30) . HDAC1 and HDAC2 exert their function within large multiprotein complexes, with NURD, SIN3A, COREST, and NODE being the best characterized to date (14, 31) . We sought to determine if expression of other components contained in these complexes was perturbed in Hdac1:2 −/− oocytes by immunoblotting ( Fig. 5 A and B) . The amount of RBBP4 and RBBP7 protein was significantly reduced and the amount of MBD3 and REST protein was modestly reduced in mutant oocytes, whereas there was no apparent change in the amount of CHD4, MTA1, MTA2, MTA3, COREST, MECP2, LSD1, and SIN3A. Immunocytochemical analyses revealed that the amount of nuclear-associated MTA1, MTA2, MBD3, and REST was significantly reduced (Fig.  5C ), suggesting that these proteins were now located in the cytoplasm. Cytoplasmic localization of MTA1 was also observed in MTA2-depleted embryos (32) . Although the small amounts of biological material precluded biochemical characterization of these four HDAC1/2-containing complexes, the findings suggest that their function was likely compromised in Hdac1:2 −/− oocytes. The abbreviations for genotypes used in the text are in bold. *P < 0.05. As anticipated, histone acetylation was increased in Hdac1:2 −/− oocytes (Fig. 6A ). We detected a significant increase in bulk acetylation of histone H3 and H4, as well as acetylation of specific lysine residues, e.g., H3K4/14 and H4K5/8/12/16. Nevertheless, there was no apparent change in the extent of histone H3K9 acetylation. Hdac1 and Hdac2 single mutant oocytes did not exhibit any change in histone acetylation. Histone H4K16 acetylation, however, showed a slight increase in Hdac2 −/− oocytes (Fig. S1 ). That deletion of either Hdac1 or Hdac2 did not affect histone H3 and H4 acetylation suggests compensatory functions of HDAC1 and HDAC2 in histone acetylation in growing oocytes. Last, because no apparent changes of H3K9 acetylation were observed in Hdac1:2 −/− oocytes, other HDACs may be responsible for deacetylating H3K9. (7) and HDACs typically function as transcriptional corepressors (33) . To ascertain whether an increase in global transcription was observed in Hdac1:2 −/− oocytes, transcription run-on assays were conducted by monitoring 5-bromouridine 5′-triphosphate (BrUTP) incorporation using mutant oocytes obtained from mice at 12 d of age. BrUTP incorporation by mutant oocytes, however, was reduced by approximately 35% compared with WT oocytes (Fig. 6 B and C) , and the amount of poly(A)-containing RNA was reduced by approximately 20% from 16.9 ± 1.6 pg/oocyte in WT oocytes to 13.8 ± 2.2 pg/oocyte in mutant oocytes (mean ± SEM, n = 9; P < 0.01).
The decrease in transcription prompted us to examine whether other histone marks that govern transcription were altered in Hdac1:2 −/− oocytes (34, 35) . We focused our attention on histone methylation marks because they are linked with both transcription activation and repression. In general, active promoters are marked by trimethylated H3K4 (H3K4me3), whereas dimethylated H3K4 (H3K4me2) is often found in the coding region. H3K4 methylation follows assembly of a preinitiation complex, suggesting that it is involved in processes that maintain rather than initiate transcription (36) . Methylation of H3K36 and H3K79 is also correlated with transcriptional activation, whereas methylation of H3K9 and H3K27 are hallmarks of transcriptional repression, and H4K20me3 is an integral part of heterochromatin-mediated silencing (37) .
A significant decrease in the intensity of nuclear staining was observed for each of the methylated species of H3K4 (Fig. 6D) . No changes were noted for the other methylated histones (i.e., H3K9me3, H3K36me2, H3K36me3, H3K27me3, H4K20me3, and H3K79me2; Fig. 6E and Fig. S2 ). Moreover, we did not observe any changes of H3K4 di-and trimethylation in Hdac1
oocytes. These results suggest that reduced methylation of H3K4 is responsible for the global decrease in transcription, noting that the 35% decrease in BrUTP incorporation is similar to the decrease in H3K4me2/3. Also consistent with the 35% global decrease in transcription in mutant oocytes was that the amount of carboxyterminal domain (CTD) S2 phosphorylation was reduced approximately 40% in mutant oocytes, with little effect on the amount of CTD S5 phosphorylation (Fig. 6F) . Phosphorylation of the heptapeptide (YSPTSPS) repeats located in the CTD of the largest subunit of RNA polymerase II (Pol II) is linked to Pol II function; during elongation, S2 is phosphorylated by the CTD kinase PTEFB (38) , whereas initiation is coupled with phosphorylation of S5 by TFIIH and mediators (39, 40) .
HDAC1 and HDAC2 Regulate H3K4 Methylation Through KDM5B. The decrease in methylation of H3K4 could result from increased acetylation in Hdac1:2 −/− oocytes because acetylation and methylation are mutually exclusive modifications. Alternatively, changes in expression of genes involved in H3K4 methylation or demethylation that result in a decrease in the steady-state amount of H3K4 
that in WT oocytes. The experiment was performed four times and the data expressed as mean ± SEM (*P < 0.05 and **P < 0.001). (B) Total protein was extracted from oocytes (n = 300 for HDAC1 and n = 100 for HDAC2) obtained from mice 12 d of age for immunoblotting; at least five mice were used. The amount of HDAC1 and HDAC2 in WT oocytes was set as 100%. Quantification of the band intensities revealed that the amounts of HDAC1 relative to WT were 32%, 223%, and 36% in Hdac1 methylated species could be the primary contributing factor to decreased H3K4 methylation, with the increase in H3K4 acetylation being a secondary effect. It was unlikely that a decrease in methylases that methylate H3K4 was responsible for the observed decrease in H3K4 methylation. The abundance of Mll2 transcripts, which encode the methylase largely responsible for H3K4 methylation in mouse oocytes (41), was not decreased in mutant oocytes (Table S1) . Moreover, the amount of the core components WDR5, RBBP5, and ASH2L that comprise MLL complexes (42) , as well as the amount of MLL2 (and MLL1), was not changed in Hdac1:2 −/− oocytes (Fig. S3) . In contrast, the relative abundance of Kdm5b, which encodes the only histone lysine demethylase that can demethylate each methylated form of H3K4 (43), was increased by 17 fold (Table S1 ). This increase, which was confirmed by quantitative RT-PCR (qRT-PCR) that revealed a 43-fold increase (average of two experiments) in the abundance of Kdm5b transcripts in mutant oocytes, provides an explanation for the decrease in H3K4 methylation. We were not able to find an anti-KDM5B antibody that was suitable for either immunoblotting or immunocytochemistry. To address whether an increase in the amount of KDM5B could contribute to the decrease in H3K4 methylation, we found that siRNA-targeting of Kdm5b transcripts, which resulted in a 90% decrease in Kdm5b mRNA, resulted in an increase in the amount of H3K4me3 relative to controls (Fig. 7 A and B) . Reciprocally, overexpressing KDM5B in WT oocytes resulted in a decrease in H3K4me3 relative to controls (Fig. 7 C and D) .
To determine whether an increase in global transcription occurred in these treated oocytes, we attempted to assay BrUTP incorporation, but the prolonged period in culture resulted in oocytes being extremely fragile and not suitable for such assays. The oocytes were suitable, however, for immunocytochemistry, but we did not observe an increase in CTD S2 phosphorylation. Although this finding may indicate that the decrease in H3K4 methylation was not the primary cause for the decrease in BrUTP incorporation in Hdac1:2 −/− oocytes, it was also possible that (i) not enough time had elapsed to observe a rescue effect or (ii), more likely, that an irreversible decrease in transcription occurred, perhaps because of initiation of apoptosis (as detailed later).
Transcriptome Analysis of Hdac1 and Hdac2 Mutant Oocytes. Transcript profiling experiments were conducted by using mutant oocytes to ascertain whether mis-regulation of specific genes would shed more light on the observed phenotype. Hierarchical clustering revealed that Hdac1:2 −/− oocytes clustered separately from their single mutant brethren and WT, which clustered together ( Fig. S2 shows staining of other methylated histone species. Nuclear staining intensity of specific methylated lysine in WT oocytes was set to 1, and the data are expressed as mean ± SEM. At least 20 oocytes for each genotype and for each modified histone were analyzed; the experiment was conducted three times and at least three mice were used for each experiment (*P < 0.05 and **P < 0.001). (F) Immunocytochemical detection of CTD phosphorylated on S2 or S5 in WT and mutant oocytes obtained from mice 12 d of age; only the nucleus is shown, and at least three mice were used for each experiment. At least 50 oocytes were analyzed, and representative images are shown. The signal intensity for S2 phosphorylation in mutant oocytes is less than that of WT (mean ± SEM, 64 ± 2%; P < 0.01). (Scale bar: 10 μm.)
decreased; Table S2 ), and a synergistic effect was clearly observed in the double KO, in which the relative abundance of 2,666 transcripts were increased and 2,182 were decreased (Table S1) . A Venn diagram displaying the intersection of the affected transcripts is shown in Fig. S4B , and the shared transcripts are provided in Table S3 . The differences in transcript abundance detected by microarrays were confirmed for a set of randomly selected genes that showed no difference or an increase or decrease (Fig. S4C) . Analysis of what pathways were affected in Hdac1:2 −/− oocytes revealed that, for transcripts exhibiting a decrease in abundance, the top four most enriched functional categories were transcription, regulation of transcription, DNA-dependent regulation of transcription, and regulation of RNA metabolic process (Table S4) , which is consistent with a reduced level of global transcription. For transcripts that exhibited an increase in relative abundance, negative regulation of gene expression was an enriched category-consistent with the global decrease in transcription-as was the category of genes involved in regulating cell death and apoptosis (Table S4) . As described elsewhere in the present study, Hdac1:2 −/− oocytes undergo apoptosis.
Hdac1:2 −/− Oocytes Undergo Apoptosis Initiated by TRP53 Hyperacetylation. As previously described, a striking feature noted in Hdac1:2 −/− mice was that, not only did follicle development arrest at the secondary follicle stage, but the oocytes were undergoing apoptosis. Consistent with Hdac1:2 −/− oocytes undergoing apoptosis was an increased abundance of proapoptotic transcripts Bim (44) and Bad (45) and decreased abundance of antiapoptotic transcripts Bcl-2 (46) and Bcl2l1 (also called Bcl-XL) (47) (Fig.  8A) . Furthermore, there was a small but significant increase in Trp53 transcript abundance and a pronounced increase in p21 (Cdkn1a) transcript abundance (Fig. 8A) ; p21 is a direct target of TRP53 (48) and TRP53 can play a central role in apoptosis (49).
We explored whether Hdac1 and Hdac2 modulated TRP53 function in oocytes because TRP53 activity is repressed in an HDAC1-dependent manner through deacetylation (50, 51) and activated by ING2 (inhibitor of growth protein 2) via enhancing TRP53 acetylation (52); Ing2 expression was increased in Hdac1:2 −/− oocytes (Table S1 ). Accordingly, we ascertained whether TRP53 was hyperacetylated in Hdac1:2 −/− oocytes (Fig. 8B) . Immunocytochemistry revealed a significant increase in the nuclear intensity of TRP53 acetylated on K379. No apparent increase in TRP53K379 acetylation was noted for Hdac1 −/− or Hdac2 −/− oocytes, a finding consistent with female mice harboring these oocytes being fully fertile. These results suggest that HDAC1 and HDAC2 can compensate for the function of the other regarding deacetylating TRP53 and that hyperacetylation of TRP53 may contribute to the increased incidence of apoptosis in Hdac1:2 −/− oocytes. Consistent with the latter proposal is that incubating WT oocytes in medium containing the HDAC inhibitor trichostatin A (TSA) not only resulted in an increase in TP53K379 acetylation (Fig. 9A) , but also in an increase in apoptosis as assayed by TUNEL (5.3% in control oocytes vs. 13.5% in TSA-treated oocytes in which 150 and 85 control and TSA-treated oocytes were analyzed, respectively; P < 0.05, Fisher exact test). The relative abundance of p21 transcripts was also increased (Fig. 9B) .
Discussion
We report here that deletion of both Hdac1 and Hdac2 in mouse oocytes, but not either alone, results in infertility. Follicle development arrests at the secondary follicle stage and the oocyte transcriptome is dramatically perturbed. Moreover, Hdac1:2 −/− oocytes, which display a global decrease in transcription and histone H3K4 methylation, and likely undergo apoptosis induced by hyperacetylation of TRP53. This combination of factors serves as the basis for the observed infertility and indicates that chromatinassociated factors with HDAC activity are essential for oocyte development.
Deletion of both Hdac1 and Hdac2 in mouse oocytes results in decreased ovary size, arrest of follicle development at the secondary follicle stage, and infertility. In contrast, there was no loss of fertility in females harboring Hdac1-deficient oocytes, and only a small decrease in fertility is observed following loss of Hdac2 in oocytes. The residual HDAC1 protein in Hdac1:2 −/− oocytesa similar amount of HDAC1 protein is also present in Hdac1 −/− oocytes-is not sufficient to maintain fertility in female mice harboring Hdac1:2 −/− oocytes. Taken together, these results indicate that HDAC1 and HDAC2 provide compensatory functions during oocyte development, a finding consistent with loss of both HDAC1 and HDAC2 function being required to observe phenotypic con- 
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−/− mice are sterile even though there is residual HDAC1 protein in the oocytes, it appears HDAC2 is the major class I HDAC essential for oocyte development. The increased amount of HDAC1 in Hdac2 −/− oocytes, relative to the amount of HDAC1 in WT oocytes, may account for the observation that only a mild subfertility is observed for Hdac2 −/− females. Bidirectional communication exists between oocytes and the surrounding granulosa/cumulus cells in which the oocyte drives the conversation (53); such communication is essential for oocyte growth and follicle cell proliferation. Perturbation of the oocyte transcriptome in Hdac1:2 −/− oocytes could disrupt such communication and result in the absence of follicle cell proliferation. Of note is that, although the microarrays did not detect any change in expression of the oocyte-specific genes Bmp15 and Gdf9, which are involved in this communication pathway and stimulate granulosa cell proliferation (54), we observed that qRT-PCR revealed an approximate 50% decrease in transcript abundance for each.
The primary role of HDAC2 in oocyte development contrasts with HDAC1 serving as the HDAC critical for preimplantation development (25) , i.e., the oocyte-to-embryo transition entails a switch from HDAC2 as the major HDAC for oocyte development to HDAC1 being critical for preimplantation embryo development. HDAC1 serves as the major HDAC in mouse ES cells because loss of HDAC1 protein, but not HDAC2 protein, results in a substantial decrease in total HDAC activity (24) as well as in several HDAC1/ 2-containing complexes (20, 22, 24) , despite up-regulation in the amount of HDAC2 and HDAC3 (22, 24) . Up-regulation of both HDAC2 and HDAC3 is observed in preimplantation mouse embryos following RNAi-mediated targeting of Hdac1 transcripts (25) . Loss of Hdac2 does not result in an increase in the amount of HDAC1 protein in ES cells (24) , a situation similar to that observed in preimplantation embryos (25) . The dominant role of HDAC1 function in preimplantation mouse embryos is consistent with transformation of oocytes into totipotent blastomeres, which are more closely related to pluripotent ES cells than highly differentiated oocytes.
A developmental switch in HDAC1 and 2 function was unanticipated in light of the apparent redundancy of HDAC1 and HDAC2 function in many somatic cell types and because HDAC1 and HDAC2, which can form heterodimers, often reside within the same chromatin-remodeling complex that retains activity-albeit reduced-in the absence of the other HDAC (22) . Of interest is that 40% to 60% of HDAC1 and HDAC2 are not present in chromatin-remodeling complexes and are not associated with each other, raising the possibility that these free forms exert specific distinct functions underlying the oocyte-to-embryo transition (20) .
The decrease in global transcription in Hdac1:2 −/− oocytes appears linked to a decrease in methylated H3K4 that is likely a consequence of overexpression of Kdm5b; KDM5B functions as a strong transcriptional repressor in different systems (55, 56) . There is a very tight correlation between the extent of the decrease in global transcription, decrease in methylated H3K4-in particular di-and trimethylated species-and S2 phosphorylation, but not S5 phosphorylation, of Pol II's CTD. Unfortunately, causality could not be established linking the decrease in global transcription to a decrease in H3K4 methylation, because even though siRNA targeting of Kdm5b results in a partial increase in H3K4 methylation, no increase in transcription was observed. As described earlier, failure to restore transcription could be a consequence that not enough time had elapsed to observe a rescue effect or that an irreversible decrease in transcription occurred.
The small perturbations in the transcriptome observed for Hdac1 −/− or Hdac2 −/− mutant oocytes, which sharply contrast with the dramatic perturbations in Hdac1:2 −/− oocytes, is consistent with compensatory roles for HDAC1 and HDAC2 in oocyte development. That virtually no genes are mis-expressed in Hdac1 −/− oocytes is also consistent with HDAC2 serving as the major HDAC in oocyte development. The marked transcriptome perturbation observed in Hdac1:2 −/− oocytes is unlikely a secondary consequence of apoptosis because only a small fraction of the oocytes used for the microarray analyses were apoptotic.
Female mice deficient in the oocyte-specific TATA-binding protein 2 (TBP2) (57) display phenotypes very similar to that observed for Hdac1:2 −/− mice, including infertility, small ovaries, arrest of follicle growth before antrum formation, a decrease in Pol II CTD S2 phosphorylation and histone H3K4 methylation, and a perturbed transcriptome (57) ; an increase in apoptosis, however, was not observed in Tbp2-deficient oocytes. Interestingly, the relative abundance of approximately 50% of the perturbed transcripts is increased in Tbp2-deficient oocytes. It should be noted, however, that total ovarian tissue was used to conduct the microarray analyses, and therefore the assumption is that the affected transcripts are those present in the oocytes and not somatic tissue.
Oocyte development is characterized by progressive changes in gene expression with dramatic changes occurring during the primordial-to-primary follicle stage and then again during the secondary follicle-to-small antral follicle transition (58) , which is accompanied by the acquisition of meiotic competence (59) . The similarity in phenotypes with failure to undergo this transition suggests that Hdac1 and Hdac2 double mutants and Tbp2 mutants share a common mechanism that is linked to a decrease in transcription and a perturbed transcriptome. Indeed, there are misexpressed genes shared by the two mutants (Table S5) , but note that, for some genes, a gene that is up-regulated in one mutant may be down-regulated in the other mutant, e.g., Zfp92 is up-regulated in Tbp2 −/− oocytes but down-regulated in Hdac1:2 −/− oocytes. Oocyte development likely requires constant surveillance of the transcriptome-perhaps most vigilant during a major transition such as the secondary follicle-to-small antral follicle transitionsuch that oocytes with a highly perturbed transcriptome fail to develop. Such a mechanism would increase the likelihood that only oocytes capable of supporting development are generated and thereby enhance reproductive fitness.
One of TRP53's many functions is to play a role in the apoptotic pathway, and indeed, expression of antiapoptotic genes is decreased and proapoptotic genes increased in Hdac1:2 −/− oocytes. TRP53 activity is maintained at low levels in unstressed cells by MDM2, which is a key negative regulator (60) . TRP53 also undergoes a host of PTMs in response to stress that include phosphorylation, sumoylation, and acetylation, with acetylation of lysine residues located near the carboxyl terminus required for full activity. TRP53 is hyperacetylated in Hdac1:2 −/− oocytes, but not in either single mutant, i.e., acetylated TRP53 is presumably a substrate for either HDAC1 or HDAC2 in oocytes. Hyperacetylation of TRP53 in Hdac1:2 −/− oocytes may contribute to the observed increased incidence of apoptosis in mutant oocytes. Consistent with this proposal is that inhibiting HDAC function with TSA in WT oocytes results in TRP53 hyperacetylation and induces apoptosis in the treated oocytes. We cannot exclude, however, that the increased incidence of apoptosis in mutant oocytes is a consequence of the dramatic perturbation in the transcriptome.
A model that emerges is that, in the absence of both Hdac1 and Hdac2, reduced methylation of H3K4 contributes to a global reduction in transcription as well as mis-expression of many genes, which prevents development beyond the secondary follicle stage. The increased incidence of apoptosis, a likely consequence of a dramatically perturbed transcriptome and hyperacetylation of TRP53, would eliminate these oocytes over a period of several days. The outcome of these events would result in female infertility.
Materials and Methods
Generation of Mouse Lines. Female mice carrying Hdac1 and Hdac2 floxed alleles (18) were crossed with Zp3-Cre males (27) , and genotyping was performed as previously described (18, 26) . Mice were maintained in according with institutional guidelines established by the University of Pennsylvania Institutional Animal Care and Use Committee, and all experiments were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Histological Analysis of Ovaries. Ovaries from 12-and 18-d-old mice were fixed for 2 to 3 h at room temperature in Bouin solution, dehydrated in ethanol and toluene, and embedded in paraffin. Follicles were categorized and counted by examining serial 5-μm sections through the entire ovary and stained with periodic acid/Schiff reagent and Lillie-Mayer hematoxylin (57, 61) .
Oocyte and Embryo Collection, Culture, and siRNA Microinjection. Cumulus cellfree, GV-intact oocytes were obtained from equine CG-primed females as previously described (25) . The collection medium for oocytes was bicarbonatefree MEM (Earle salts) containing 25 mM Hepes (pH 7.3), 3 mg/mL polyvinylpyrrolidone, and 2.5 μM milrinone to prevent GV breakdown (62) . Oocytes were matured in vitro in CZB medium (63) containing 0.01% polyvinyl alcohol.
Meiotically incompetent oocytes (i.e., oocytes that do not spontaneously resume meiosis when placed in a suitable culture medium) were obtained from 12-d-old female mice as described previously (64) . Incompetent oocytes were injected with 10 pL of the appropriate siRNA using a Picoliter Injector Microinjection System (Harvard Apparatus); the culture medium was bicarbonate-free Whitten medium (65) containing 0.01% polyvinyl alcohol and 25 mM Hepes, pH 7.3. Following microinjection, the oocytes were then cultured in CZB medium at 37°C in 5% CO 2 in an atmosphere of air. A predesigned siRNA for Kdm5b and a scrambled siRNA (Am4611; Ambion) served as the control. The Kdm5b siRNA (s93703; sense sequence, 5′-CUCCGAUACAUGAUUGAAAtt-3′; antisense sequence, 5′-UUUCAAUCAUGUAUCGGAGtg-3′) targets nucleotides 3915 to 3933 of the Kdm5b mRNA (GenBank accession no. NM152895). Both siRNAs were diluted in Milli-Q water to a final concentration of 5 μM for microinjection.
Quantification of Total Amount of poly(A)-Containing RNA. Fifty growing oocytes were collected from 12-d-old mice and the total amount of total poly(A) mRNA was determined using the Poly(A) mRNA Detection System (Promega) according to the manufacturer's instructions.
In Vitro Transcription Assay. BrUTP incorporation assays were performed as previously described (64) . Fluorescence was detected on a Leica TCS SP laserscanning confocal microscope. The intensity of fluorescence was quantified using ImageJ software (National Institutes of Health) as previously described (66) . TUNEL Labeling Assay. TUNEL assays were performed with an In Situ Cell Death Detection Kit (Roche Diagnostics) according to the manufacturer's instructions.
RNA Extraction, Microarray Analysis, and Real-Time RT-PCR. Total RNA was extracted from 80 oocytes isolated from mice 12 d of age by using the PicoPure RNA kit (Arcturus), amplified with the Ovation Pico WTA system (NuGen), and then fragmented and labeled with the FL-Ovation cDNA Biotin Module V2 (NuGen). Four independent biological replicates were hybridized to GeneChip Mouse 1.1 ST microarrays (Affymetrix). Raw microarray data were analyzed as previously described by using MAS5, GeneSpring (version 7), SAM, and EASE software (58) . A 1.4-fold cutoff was used for EASE analysis; four biological replicates provide sufficient statistical power and confidence to detect a 1.4-fold change in transcript abundance (67) . Microarray data were validated in at least two independent biological replicates by real-time quantitative PCR. Quantitative PCR analysis was performed with the ABI TaqMan Assay-on-demand probe/primer sets as previously described (25) , and probes are listed in SI Materials and Methods. Two incompetent oocyte equivalents of cDNA was used for each real-time PCR with a minimum of three replicates as well as minus RT and minus template controls for each gene. Unless otherwise stated, quantification was normalized to Ubf or histone 2A mRNA.
Antibodies. Sources and dilution of antibodies used for experiments reported is provided in SI Materials and Methods.
Immunostaining of Oocytes/Eggs and Quantification of Fluorescence Intensity. Oocytes or embryos were fixed in 2% paraformaldehyde in PBS solution for 20 min at room temperature, and then permeabilized with 0.2% Triton X-100 in PBS solution for 10 min. Immunocytochemical staining was performed by incubating the fixed samples with primary antibodies overnight at 4°C, followed by secondary antibodies conjugated with Cy5 or FITC for 60 min; omission of the primary antibody served as control in which case no signal was observed (Fig. S1 shows a representative image) . The DNA was stained with DAPI or 1 μM SYTOX Green (Molecular Probes). The cells were then washed and mounted under a coverslip with gentle compression in VectaShield antibleaching solution (Vector Labs). Fluorescence was detected on a Leica TCS SP laser-scanning confocal microscope. For each experiment, all samples were processed in parallel and the intensity of fluorescence was quantified using ImageJ software (National Institutes of Health).
Immunoblot Analysis. Protein samples were solubilized in Laemmli sample buffer (68) , resolved by SDS/PAGE (5-15% gel), and transferred to a nitrocellulose membrane. The membrane was blocked by soaking in Blotto [Trisbuffered saline solution with 0.1% Tween-20 (TBST) and 5% nonfat dried milk] for 1.5 h and incubated overnight with the primary antibody in blocking solution. The membrane was then washed three times with TBST, incubated with a secondary antibody conjugated with horseradish peroxidase for 45 min, and washed five times with TBST. The signal was detected with ECL Advance Western blotting detection reagents (Amersham), following the manufacturer's recommendations. The primary antibodies were diluted as described earlier, and secondary antibodies (Amersham ECL-HRP Linked Secondary Antibody; GE Healthcare) were diluted 1:20,000.
Statistics. All proportional data were subjected to an arcsine transformation before statistical analysis. A P value lower than 0.05 was considered to be statistically significant.
